Noncoding RNAs play an important role in the pathogenesis of pulmonary arterial hypertension (PAH). In this study, we investigated the roles of hsa_circ_0016070, miR-942, and CCND1 in PAH. circRNA microarray was used to search circRNAs involved in PAH, whereas real-time PCR and western blot analysis were performed to detect miR-942 and CCND1 expression in different groups. In addition, the effect of miR-942 on CCND1 expression, as well as the effect of hsa_circ_0016070 on the expression of miR-942 and CCND1, was also studied using real-time PCR and western blot analysis. Moreover, MTT assay and flow cytometry were used to detect the effect of hsa _circ_0016070 on cell proliferation and cell cycle. According to the results of circRNA microarray analysis, hsa _circ_0016070 was identified to be associated with the risk of PAH in chronic obstructive pulmonary disease (COPD) patients. The miR-942 level in the COPD(+) PAH(+) group was much lower than that in the COPD(+) PAH(À) group, while the CCND1 level in the COPD(+) PAH(+) group was much higher. CCND1 was identified as a candidate target gene of miR-942, and the luciferase assay showed that the luciferase activity of wild-type CCND1 3 0 UTR was inhibited by miR-942 mimics. In addition, hsa _circ_0016070 reduced miR-942 expression and enhanced CCND1 expression. Furthermore, hsa _circ_0016070 evidently increased cell viability and decreased the number of cells arrested in the G1/G0 phase. In summary, the results of this study suggested that hsa_circ_0016070 was associated with vascular remodeling in PAH by promoting the proliferation of pulmonary artery smooth muscle cells (PASMCs) via the miR-942/CCND1. Accordingly, has_circ_0016070 might be used as a novel biomarker in the diagnosis and treatment of PAH.
INTRODUCTION
Hypoxia-induced pulmonary hypertension (HPH) is a devastating outcome of extended exposure to low oxygen tension in alveoli. 1 Featured by hyperproliferative remodeling and vasoconstriction of pulmonary arteries, HPH can result in the failure of the right ventricle and death. 2 However, no effective treatment is available for HPH. In fact, the vasodilators used in the treatment of pulmonary arterial hypertension (PAH) tend to aggravate the conditions of oxygenation and ventilation in HPH. 1, 3 The pathology of PAH mainly involves aberrant vascular remodeling, which is caused by abnormal cellular proliferation as well as the tolerance to apoptotic stimuli in pulmonary artery smooth muscle cells (PASMCs). 4 Thus, the suppression of cell proliferation and the promotion of cell apoptosis can become an efficient strategy for the treatment of PAH. 5 In addition, PAH induced by chronic hypoxia is a frequently observed type of PAH, since hypoxia is a well-known stimulus to the pathogenesis of PAH by enhancing the proliferation of PASMCs. 2 As a type of noncoding RNA, circular RNA (circRNA) is generated by the connection of a 3 0 splice donor site with a 5 0 splice acceptor site in a primary transcript. 6 In fact, after two circRNAs-DCC and SRY-were discovered in the 1990s, various circRNAs have been discovered and validated. 6, 7 Compared to other RNA transcripts, circRNAs are highly abundant, conserved, and stable, and they are predominantly located in the cytoplasm. 8 In fact, circRNAs are synthesized through multiple unique mechanisms relying on sequence complementarity within lariat precursors, exon skippings, and flanking introns. [8] [9] [10] Furthermore, circRNA expression is controlled by RNA-binding proteins and RNA-editing enzymes, including Quaking and ADAR. 9, 11 Similar to linear RNAs, circRNAs are also synthesized from introns or exons at splice sites and, hence, require the spliceosomal machinery. 12 circRNA is a novel type of endogenous noncoding RNA. It has been shown that circRNAs can act as the sponges of microRNAs (miRNAs) to regulate the expression of their parent genes and, hence, affect the onset and progression of diseases. 13 It has been hypothesized that hsa_circ_0022342 and hsa_circ_0002062 can act as key circRNAs in the onset of chronic thromboembolic pulmonary hypertension (CTEPH). Therefore, the regulation of hsa_circ_0022342 and hsa_circ_0002062 may become an effective way for the treatment of CTEPH. 14 Moreover, it has been demonstrated that, by inhibiting connective tissue growth factor (CTGF) expression, short hairpin RNAs (shRNAs) targeting CTGF suppressed the growth of PASMCs and inhibited the pulmonary vascular remodeling (PAR) induced by monocrotaline. 15 It has also been shown that the knockdown of cyclin D1 (CCND1) by shRNA apparently suppressed the proliferation of PASMCs both in vitro and in vivo. 16 In addition, it has been shown that the inhibition of miR-26b in PAR and the modulation in CCND1 and CTGF expression can exert a critical effect on the pathogenesis of PAH. Therefore, the regulation of these genes may lead to novel therapeutic treatments for PAH. 17 Based on the previous data from circRNA microarrays, several circRNAs, are differentially expressed in PAH. 14 In addition, we found that CCND1 was a virtual target of miR-942 by searching an online miRNA database (miRDB; http://www.mirdb.org). Meanwhile, CCND1 was considered as a gene involved in the pathogenesis of PAH by enhancing vascular remodeling. 17 In this study, we investigated the roles of circRNA, miRNA, and CCND1 in PAH.
RESULTS

Determination of circRNAs Involved in PAH
24 subjects diagnosed with chronic obstructive pulmonary disease (COPD) were recruited for our research and were further divided into two groups: 12 COPD patients with PAH, the COPD(+) PAH(+) group, and 12 COPD patients without PAH, the COPD(+) PAH(À) group. A circRNA microarray analysis was performed to search potential circRNAs involved in PAH, and the levels of hsa_circ_ 0002062, hsa_circ_0069940, hsa_circ_0060414, hsa_circ_0084265, hsa_circ_0066746, and hsa_circ_0016070 were measured in the aforementioned two groups. As shown in Figure 1 , only the expression of hsa_circ_0016070 was increased in the COPD(+) PAH(+) group compared with that in the COPD(+) PAH(À) group, while the expression of hsa_circ_0002062, hsa_circ_0069940, hsa_circ_0060414, hsa_circ_0084265, and hsa-circ-0066746 in both groups was similar, suggesting that hsa_circ_0016070 was associated with risk of PAH in COPD patients.
Different Expression of miR-942 and CCND1 in Different Groups
The underlying mechanism of hsa_circ_0016070 involvement in PAH was investigated using real-time PCR and western blot analysis. As shown in Figure 2 , a lower level of miR-942 ( Figure 2A ) was observed in the COPD(+) PAH(+) group compared with that in the COPD(+) PAH(À) group, while higher levels of CCND1 mRNA ( Figure 2B ) and protein ( Figure 2C ) were observed in the COPD(+) PAH(+) group compared with those in the COPD(+) PAH(À) group.
Meanwhile, immunohistochemistry (IHC) assay was also carried out to compare the CCND1 protein level between COPD(+) PAH(+) and COPD(+) PAH(À) groups, and the results showed that CCND1 protein level ( Figure 3 ) in the COPD(+) PAH(+) group was much higher than that in the COPD(+) PAH(À) group. All results collectively indicated that miR-942 and CCND1 were associated with PAH.
CCND1 Was a Target Gene of miR-942
The results from computational screening (http://www.mirdb.org) and previous reports suggested that CCND1 was a virtual target gene of miR-942, with a complementary binding site located in the 3 0 UTR of CCND1 ( Figure 4 ). Subsequently, the QuikChange XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) was used to generate a mutation in the 3 0 UTR of CCND1, followed by luciferase assay analysis to validate the relationship between miR-942 and CCND1. As shown in Figure 4 , HPASMCs or RPASMCs co-transfected with wild-type CCND1 and miR-942 mimics showed reduced luciferase activity, while the cells co-transfected with mutant CCND1 and miR-942 mimics showed no significant change in luciferase activity, suggesting that CCND1 was a virtual target of miR-942.
Expression of hsa_circ_0016070, miR-942, and CCND1 in Different Groups
Real-time PCR and western blot analysis were used to measure the expression of hsa_circ_0016070, miR-942, and CCND1 in cells trans-fected with constructs carrying hsa_circ_0016070 and hsa_circ_ 0016070 shRNA. As shown in 
Effect of hsa_circ_0016070 on Cell Proliferation and Cell Cycle
MTT assay and flow cytometry (FCM) analysis were performed to assess the effect of hsa_circ_0016070 on cell proliferation and cell cycle. As shown in Figure 7 , HPASMCs ( Figure 7A ) and RPASMCs ( Figure 7C ) transfected with hsa_circ_0016070 showed increased cell viability. In addition, fewer HPASMCs ( Figure 7B ) and RPASMCs ( Figure 7D ) in the has_circ_0016070 group were arrested in the G1/G0 phase compared with those in the control group, accompanied by an increased number of cells in the S phase, suggesting that hsa_circ_0016070 increased cell viability.
Effect of hsa_circ_0016070 shRNA on Cell Proliferation and Cell Cycle
MTT assay and FCM analysis were performed to assess the effect of hsa_circ_0016070 shRNA on cell proliferation and cell cycle. As shown in Figure 8 , HPASMCs ( Figure 8A ) and RPASMCs ( Figure 8C ) transfected with hsa_circ_0016070 shRNA showed decreased cell viability. In addition, more HPASMCs ( Figure 8B ) and RPASMCs ( Figure 8D ) in the hsa_circ_0016070 shRNA group were arrested in the G1/G0 phase compared with those in the control group, accompanied by an decreased number of cells in the S phase, suggesting that hsa_circ_0016070 downregulation decreased cell viability by arresting cell-cycle progression.
DISCUSSION
As a progressive disease, PAH is caused by a wide range of cardiac or pulmonary disorders and is associated with high mortality and morbidity. PAH is featured by a progressive elevation in vascular remodeling, right heart dysfunction, and pulmonary arterial pressure. Consequently, PAH results in the failure of the right ventricle. 18 Specific characteristics of vascular remodeling associated with PAH include the muscularization of distal arterioles in the lungs, the proliferation and apoptosis of PASMCs, perivascular inflammation, and the sedimentation of extracellular matrix protein. 19 Previously, circRNAs have been shown to function as sponges of miRNAs and are believed to regulate the expression of their miRNA targets, thus contributing to the competing endogenous RNA network. 20 It has been shown that circRNAs synthesized from the Sry gene (circSry) functions as a miR-138 sponge. 21 In addition, circRNAs play a key role in diseases, including tumor, and thus may become novel therapeutic and diagnostic targets in disease treatment. 22 Some other studies have indicated that circRNAs are implicated in the pathogenesis of disorders of the nervous system and atherosclerosis. 23 It has been shown that the hsa_circ_0002062hsa-miR-942-5p-CDK6 signaling pathway and the hsa_circ_ 0022342-hsa-miR-940-CRKL-ErbB pathway can play important roles in CTEPH development. 14 In this study, we measured the expression of candidate circRNAs to identify the circRNAs involved in PAH and found that hsa_circ_0016070 was associated with the risk of HPH. In addition, using real-time PCR and western blot analysis, we investigated the potential mechanism underlying the role of hsa_circ_0016070 in PAH and found that miR-942 and CCND1 were also associated with PAH.
Target genes of hsa-miR-942-5p, such as CDK6, are primarily enriched in tumor pathway. 22 Auger et al. have reported that the presence of an organized thrombus in major pulmonary arteries is typically associated with diseases including lung tumor. 24 Therefore, it has been inferred that such pathways and axon guidance might be related to CTEPH. 24 Furthermore, in pulmonary hypertension, CDK6 was shown to be involved in cell cycle and proliferation. 25 It has been shown that miR-942 can activate the Wnt/b-catenin pathway by directly inhibiting the expression of TLE1, GSK3b, and sFRP4. 26 CCND1 is a critical regulator of cell cycle in many types of cells. In addition, CCND1 can bind and activate cyclin-dependent kinase (CDK) 4, which then inactivates retinoblastoma (Rb) protein and results in the progression from G1 to S phase. 27 CCND1 was also found to accumulate in the nuclei in the G1 phase and then translocate to the cytoplasm, where CCND1 is degraded by the ubiquitin-proteasome system. 28 During the proteolysis of CCND1, the necessary phosphorylation of threonine-286 (T286) residue is mainly mediated by glycogen synthase kinase 3 beta (GSK3b). 29 In addition, the phosphorylation of T286 can also be induced by other kinases such as p38 mitogen-activated protein kinase (MAPK), which can also result in CCND1 degradation. 30 It has also been shown that CCND1 and CTGF played important roles in cigarette-smoke-induced PAH by accelerating the proliferation of PASMCs. 31, 32 Furthermore, as an important member of the cyclin family, CCND1 can regulate cell-cycle progression, thus controlling the transition from G1 to S phase. 33 Previously, a growing amount of evidence suggested that CTGF is implicated in the control of cell-cycle progression. 34 It was also shown that CCND1 works as a "mitogenic sensor" to mediate PASMC proliferation by pushing the cells beyond the restriction point of the G1 phase. 35, 36 It has also been demonstrated that the intratracheal administration of CCND1 or CTGF shRNA could apparently reverse the PAH induced by monocrotaline. 15, 16 In addition, it was shown that CCND1 is involved in the function of CTGF by accelerating the G1/S transition, thus promoting the proliferation of PASMCs and facilitating the onset of PAH. 37 In summary, we were the first to suggest that hsa_circ_0016070 was associated with vascular remodeling in PAH by promoting the proliferation of SMCs via miR-942-5p/CCND1. It has been found that hsa_circ_0016070, miR-942, and CCND1 were differentially expressed in PAH patients. In this study, we found that CCND1 was a virtual target of miR-942. Meanwhile, CCND1 was involved in the pathogenesis of PAH by enhancing vascular remodeling. Our research also suggested that hsa_circ_0016070 might be used as a novel biomarker in the diagnosis and treatment of PAH.
MATERIALS AND METHODS
Human Subject Sample Collection
In this study, lung tissues from 24 COPD patients were collected. Among the subjects, 12 patients also suffered from PAH-the COPD(+) PAH(+) group-and the remaining 12 patients were PAH free-the COPD(+) PAH(À) group. Collected tissue samples were immediately frozen in liquid nitrogen and subsequently stored in a À80 C freezer. All patients had complete clinical data. This study was approved by the Ethical Committee of Anhui Medical University and conducted according to the Declaration of Helsinki. All subjects have signed informed consent.
Isolation of PASMCs
Human PASMCs (HPASMCs) were obtained from ATCC. Rat PASMCs (RPASMCs) were isolated as previously described. 32, 37 The tissues collected were cut into pieces of 1-mm 3 blocks under aseptic conditions, washed with D-Hank's solution, and transferred into culture dishes. After adding 1 mg/mL collagenase I (Invitrogen, Carlsbad, CA, USA) about twice the size of the tissue samples and digested for 2 h at 37 C, PASMCs were collected by filtration using nylon nets with a 70-mm diameter. After centrifugation and washing with PBS, the cells were resuspended in DMEM containing 10% fetal bovine serum (FBS). When the cells reached a confluence rate of 80% to 90%, they were trypsinized with a 0.25% EDTAtrypsin solution. The cells were then passaged at a 1:3 ratio. The cells in the logarithmic growth phase were collected for subsequent experiments.
RNA Isolation and Real-Time PCR
Using a previously illustrated method, [38] [39] [40] an RNeasy Mini Kit (QIAGEN, Hilden, Germany) was used according to the manufacturer's protocol to extract total RNA from the tissue samples. The ratio of A260/A280, as well as RNA concentration, was measured by a UV spectrophotometer. Subsequently, isolated RNA was converted into cDNA using a Promega reverse transcription kit (Madi- Figure 7 . Effect of hsa_circ_0016070 on Cell Proliferation and Cell Cycle Was Detected via MTT Assay and Flow Cytometry (A) HPASMCs transfected with hsa_circ_0016070 showed a higher growth rate than NC cells. *p < 0.05, versus control group. (B) Fewer HPASMCs were in the G1/G0 phase after transfection with hsa_circ_0016070, but the number of cells in the S phase was much higher after transfection. *p < 0.05, versus control group. (C) RPASMCs transfected with hsa_circ_0016070 showed a higher growth rate than NC cells. *p < 0.05, versus control group. (D) Fewer RPASMCs were in the G1/G0 phase after transfection with hsa_circ_0016070, but the number of cells in the S phase was much higher after transfection. *p < 0.05, versus control group. son, WI, USA). The qPCR reaction was carried out using an ABI 7500 Real-Time qPCR machine (Applied Biosystems, Foster City, CA, USA). The reaction system was 20 mL, and the reaction condition included 40 cycles of 3 min at 95 C, 12 s at 95 C, and 50 s at 62 C. The quantification of circRNAs (has_circ_0002062, hsa_circ_0069940, hsa_circ_0060414, hsa_circ_ 0084265, hsa_circ_0066746, and hsa_circ_ 0016070), as well as of miR-942 and CCND1 mRNA, was carried out using U6 as an internal control. The 2 ÀDDCT method was used in the calculation of relative expression of the aforementioned transcripts.
Cell Culture and Transfection
Using a previously illustrated method, 41, 42 HPASMCs and RPASMCs were cultured in DMEM containing 10% imported FBS, 100 mg/L streptomycin, and 100 U/mL penicillin. The cells were incubated at 37 C under 5% CO 2 and saturated humidity. Subsequently, the cells were seeded into 96-well plates and transfected with different vectors (see the following text for more details) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol. At 48 h after transfection, the cells were collected for subsequent assays.
Vector Construction and Mutagenesis
The full length of hsa_circ_0016070 was amplified by PCR. The PCR product was cloned into a pcDNA3.1 vector (Promega, Madison, WI, USA) downstream of the luciferase reporter gene. At the same time, an shRNA against hsa_circ_0016070 was also designed and inserted into the pcDNA3.1 vector to create hsa_circ_0016070 shRNA, which was later transfected into HPASMCs and RPASMCs to suppress the expression of endogenous hsa_circ_0016070. Similarly, the 3 0 UTR region of the CCND1 gene was amplified and cloned into the pcDNA3.1 vector (wild-type CCND1 3 0 UTR) downstream of the luciferase reporter gene. Subsequently, the binding site of miR-942 in the 3 0 UTR of CCND1 was mutated by site-directed mutagenesis to create a vector carrying the mutant CCND1 3 0 UTR and used in parallel with the wild-type CCND1 3 0 UTR.
Luciferase Assay
At 48 h after transfection, the cells were collected, and the luciferase activity in each well of 96-well plates was measured on a Luminometer (TD-20/20; Turner Designs, Sunnyvale, CA, USA) using a Stop & Glo kit (Promega, Madison, WI, USA). The expression of each target gene was calculated from the ratio between the firefly and renilla (internal control) luciferase activities following the instruction of the kit.
Cell Proliferation Assay
The experiments were performed as previously described. 43 The MTT (Sigma-Aldrich, St. Louis, MO, USA) assay was used according to the manufacturer's protocol. The third generation of HPASMCs and RPASMCs was used for transfection, and the cell viability was measured using the MTT assay at 48 h after transfection. The proliferation rates of HPASMCs and RPASMCs were calculated by measuring their optical density (OD) value at 570 nm.
Western Blot Analysis
Both transfected cells and tissue samples were rinsed with PBS and subsequently lysed with 100 mL of a cell lysis solution at 4 C for 30 min. In the next step, the lysate was centrifuged at 12,000 Â g for 10 min, while the concentration of protein in the lysate was measured by a BCA assay kit. Subsequently, 12% SDS-PAGE was used to dissolve sample proteins, which were then blotted onto a pol- shRNA, but the number of cells in the S phase was much lower after transfection. *p < 0.05, versus control group. (C) RPASMCs transfected with hsa_circ_0016070 shRNA showed a slower growth rate than NC cells. *p < 0.05, versus control group. (D) More RPASMCs were in the G1/G0 phase after transfection with hsa_circ_0016070 shRNA, but the number of cells in the S phase was much lower after transfection. *p < 0.05, versus control group. yvinylidene fluoride (PVDF) membrane. After being blocked with 5% skim milk for 1 h at room temperature, the membrane was incubated with a 1:200 dilution of monoclonal anti-human CCND1 and anti-GAPDH (internal control) primary antibodies overnight at 4 C. In the next step, a 1:2,000 dilution of anti-mouse immunoglobulin G (IgG) secondary antibody was added onto the membrane and incubated for 1 h in the dark at room temperature. All antibodies were purchased from Abcam (Cambridge, MA, USA). Subsequently, the membrane was visualized in a dual-color infrared laser imaging system. The OD of each protein band was measured, and the expression of CCND1 was calculated as the ratio of the total OD of the CCND1 band to that of the GAPDH band.
Cell-Cycle Analysis
Cell-cycle analysis was done with the following procedures. 44 At 48 h after transfection, cells were collected and washed with pre-cooled PBS solution and then centrifuged to collect cell pellets. After adjusting the cell concentration to 1 Â 10 5 /mL, the cells were immobilized by 1 mL 75% ethyl alcohol and incubated overnight at 4 C. Afterward, cells were incubated with 400 mL propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37 C, and the cell-cycle profile was detected by a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA) at the wavelength of 488 nm.
Immunohistochemistry
The experiments were performed as previously described. 45 The specimens were fixed in 10% formalin, embedded in paraffin, dried in a 60 C oven for 1 h, dewaxed by xylene, and dehydrated in graded alcohol. Subsequently, the slides were incubated in 3% H 2 O 2 (Sigma-Aldrich, St. Louis, MO, USA) at 37 C for 30 min, boiled in 0.01 M citrate buffer at 95 C for 20 min, and then incubated with a normal sheep serum at 37 C for 10 min prior to incubation with anti-CCND1 primary antibody and horseradish-peroxidase-labeled secondary antibody (Bioss, Beijing, China) according to the manufacturer's protocol. After being exposed to diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) and hematoxylin staining, the expression of CCND1 in each sample slide was scored independently by two operators.
Statistical Analysis SPSS 19.0 statistical software was used in the statistical analysis. The measurement data were displayed as x ± s, and the differences among different groups were evaluated by ANOVA, unpaired two-tailed t test. A p value of <0.05 was considered statistically significant.
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